Antarctic krill is a key prey species for many vertebrate and invertebrate predators in the Southern Ocean; it is also an abundant fishery resource in the Scotia Sea and southern Drake Passage. Here, we identify environmental correlates of krill distribution utilizing acoustic data collected during an extensive international survey in January 2000. Separate models (at scales of 10-80 nautical miles) were derived for the full study area and for each of four subregions: northern and southern shelf waters, the seasonally ice-covered open ocean, and the generally ice-free open ocean. Krill distribution was strongly correlated with bathymetry; densities were higher over island shelves and shelf breaks and decreased with increasing distance offshore. Low krill densities occurred in areas of low chlorophyll concentration and high geostrophic velocity. Krill distribution was also related to sea level anomaly but relationships were not consistent between subregions. The models explained a maximum of 44% of the observed deviance in krill density, but did not reliably identify areas of high krill density in the open ocean, and explained a small proportion of the deviance (16%) in offshore areas covered seasonally by sea ice, probably because of the strong, residual influence of retreated ice. The commercial krill fishery is currently concentrated in shelf areas, where high densities of krill are most predictable. As krill are not predictable in the open ocean, the fishery is likely to remain principally a near-shore operation, and should be managed accordingly.
Introduction
The processes that influence the spatial distribution of marine organisms include biological interactions and environmental drivers operating across a range of spatial and temporal scales (Murphy et al., 1988; Legendre and Fortin, 1989; Fauchald et al., 2000) . A diverse group of marine organisms, sometimes termed 'forage species', are particularly important in the functioning of marine ecosystems. Typically, these are locally abundant mid-trophic level fish or crustaceans that support a diverse range of predators as well as fisheries (Cury et al., 2011; Pikitch et al., 2012) . Forage species typically have extensive ranges (on the scale of 100-10 000s km 2 ) and their distribution and abundance is sensitive to variability in the physical environment (Lehodey et al., 2006) . Managing fisheries for these species in the context of environmental variability and climate change, and in a manner that is also sensitive to the needs of dependent species is complex, particularly where the fundamental drivers of distribution are poorly understood.
Antarctic krill Euphausia superba (hereafter krill) is the main forage species in the Southern Ocean and might support a greater biomass of predators than any of the world's other forage species (Pikitch et al., 2012) . It is the principal prey for numerous higher trophic level predators, and is a key component of Antarctic food webs (Croxall et al., 1999; Atkinson et al., 2012; Murphy et al., 2012) . It is a circumpolar species found in waters south of the Antarctic Polar Front (Marr, 1962) , with a total estimated biomass of 117-379 million tonnes (Atkinson et al., 2008) . Around a quarter of this biomass is concentrated in the Scotia Sea and southern Drake Passage (Atkinson et al., 2008) . This region supports a high biomass of predators which are estimated to consume 48 million tonnes of krill annually (Hill et al., 2007) , and a krill fishery that accounted for 90% by mass of all species targeted by fisheries in the Southern Ocean in 2005 -14 (CCAMLR, 2015 .
The krill fishery is managed by the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR). CCAMLR is responsible for developing a spatially structured management approach to limit impacts upon the krill stock and krill-dependent predators (Article II CCAMLR, 1982; Hewitt et al., 2004a) . Regional catch limits have been established across the CCAMLR area with lower interim limits in the four subareas in the Scotia Sea where harvesting currently occurs (CCAMLR, 2010a; Nicol et al., 2012; Grant et al., 2013) . Currently, the fishery operates over island shelves and shelf slopes (Murphy et al., 1997; Grant et al., 2013) . This spatial concentration of fishing effort has the potential to increase impacts on the numerous krilldependent predators which concentrate their foraging over island shelves and slopes during the summer when many are constrained to return to land to raise their offspring (Croxall and Prince, 1987; Trathan et al., 1998b; Murphy et al., 2007) .
Although Antarctic krill is a circumpolar species, it has a highly heterogeneous distribution and occurs in habitats from on-shelf and open ocean environments to the marginal sea ice zone (Marr, 1962) . Environmental correlates of krill distribution have long been sought. However, most relationships are not predictable and vary subject to the location and scale of the analyses (reviewed by Siegel, 2005; Nicol, 2006) . There is frequently an association with bathymetry, and in the Scotia Sea, increased krill abundance is associated with the shelf regions of the Antarctic Peninsula and around the islands of South Georgia in the north-east Scotia Sea, and with the open ocean (Marr, 1962; Siegel, 2005; Atkinson et al., 2008) . Krill distribution has also been linked to temperature, phytoplankton biomass, and chlorophyll a concentration, which is considered to be a proxy for food availability (Whitehouse et al., 2009; Fielding et al., 2014) . At the circumpolar scale, high krill abundance occurs in regions of moderate chlorophyll a concentrations (Atkinson et al., 2008) . However, relationships at local scales are variable Siegel et al., 2013) . Advection is thought to play a major role in the distribution of krill at the meso and basin scale (Everson and Murphy, 1987; Hofmann and Murphy, 2004; Thorpe et al., 2007) . Modelling studies have also shown that the movement of krill within the marginal sea ice zone is likely to affect the distribution of krill in the following summer .
Synoptic data on krill abundance are available from three large-scale, acoustic surveys in the Scotia Sea and southern Drake Passage. The first two were the FIBEX and SIBEX surveys (ElSayed, 1994) . The third and most comprehensive was the CCAMLR synoptic survey, which was conducted in JanuaryFebruary 2000 to estimate krill biomass in the waters open to the krill fishery in this region (Hewitt et al., 2004b) . In this study we use data from this recent survey to examine relationships between the observed krill distribution and a range of environmental variables, at both the survey scale and within smaller subregions. The objectives were to understand the meso-scale drivers of distribution and to determine whether areas of high krill density can be predicted from environmental data. For this reason, we use satellite remote-sensing data that are collected continuously rather than in situ oceanographic measurements which require dedicated scientific cruises and are constrained both in time and space. The results are discussed in terms of refining the spatial management of the krill fishery in the region.
Methods

Survey design
Data on the density and distribution of krill in the Scotia Sea and southern Drake Passage region were collected by four vessels during an international cruise programme during January and February 2000 (hereafter the CCAMLR synoptic survey; Trathan et al., 2001; Watkins et al., 2004) . The survey comprised a series of parallel acoustic transects (total length 17 424 km). By using multiple ships to complete the survey in a relatively short period of time, it was possible to obtain a high resolution quasi-synoptic estimate of krill distribution and density. To ensure compatibility of acoustic data, all transects were carried out in daylight using a Simrad EK500 echosounder. Sampling, calibration and validation protocols, and derivation of the initial krill biomass estimates, including the method to cross-calibrate the acoustic data between the vessels, are provided in Watkins et al. (2004) and Hewitt et al. (2004b) .
Study area
Currently, krill fishing only takes place in three CCAMLR subareas to the west of 30 W (Grant et al., 2013) . We restricted our analysis to data collected by the three vessels that sampled in this region during the synoptic survey (81% of the whole survey area, hereafter the study area ( Figure 1) ; Hewitt et al., 2004b) and excluded data collected by R. V. Atlantida, the only vessel to sample exclusively to the east of 30 W in an area of apparently very low krill densities.
Krill density data
Since the original analyses of the CCAMLR survey data (Hewitt et al., 2004b) , there has been considerable development in algorithms that estimate krill biomass from acoustic back-scatter data and we used methods that generated a revised estimate of krill biomass of 60.3 million tonnes (CCAMLR, 2010b; Fielding et al., 2011) compared with 44.3 million tonnes (Hewitt et al., 2004b) . Briefly, acoustic data at 120 kHz were apportioned to krill or non-krill using a three frequency (38, 120, and 200 kHz) variable window identification technique, and converted to wet-weight density using the validated physics-based Stochastic Distorted Wave Born Approximation target strength model (McGehee et al., 1998; Demer and Conti, 2004) . Estimates of krill density (g m À2 ) were available at 1 nautical mile (1 nm; 1.85 km) intervals along each transect.
Environmental variables
Two static and five dynamic environmental variables were selected to describe key physical and biological characteristics (Table 1, Figure 2 ): water depth (Depth), the distance to the nearest shelf break (Break distance), chlorophyll a concentration (Chl), sea surface temperature (SST), sea level anomaly (SLA), surface geostrophic velocity (Velocity), and water mass zone Environmental correlates of Antarctic krill distribution (Zone). Distance to the maximum winter sea ice extent was initially considered as a potential proxy of seasonal ice coverage; however, this static variable was very highly correlated with latitude and was excluded because it did not provide any additional environmental information.
The position of the shelf break was defined as the 1000 m isobath following Atkinson et al. (2008) and distances were calculated in a Lambert Azimuthal equal-area projection. Negative distances were assigned to locations on the shelf i.e. at depths < 1000 m. The dynamic variables were obtained from satellitederived data. Cloud cover affected the quality of the daily and weekly datasets for chlorophyll a and SST, so monthly composites were used for these variables. Water mass zone was defined according to frontal positions derived from daily fields of absolute dynamic topography data, following Venables et al. (2012) . There were four distinct zones: sub polar waters, the southern zone of the Antarctic Circumpolar Current (ACC), the Antarctic Zone, and the Polar Frontal Zone. Concurrent environmental data were extracted at the location of each 1 nm krill density estimate. Prior to modelling, velocity and chlorophyll a data were logtransformed to reduce the influence of extreme values.
Other variables
The nominal variable Ship (three levels) was included in all regional analyses to test whether differences among survey vessels affected the heterogeneity of the data following the poststratification of the original survey area into subregions.
Analysis scale
We analysed the relationship between krill density and environmental variables at a spatial resolution of 10 nautical miles (10 nm; 18.5 km), consistent with the resolution of the available environmental data (Table 1) , and previous studies of krill distribution in the Scotia Sea (Whitehouse et al., 2009) . Along each transect, the 1 nm data were binned into 10 nm intervals and the mean krill density and mean value of each environmental variable was calculated from the values extracted at the 1 nm locations. Bins with less than 10 contributing 1 nm values or incomplete environmental data (in total 91 of 781) were excluded from subsequent analyses.
Regionalization
The study area was extensive (1.7 Â 10 6 km 2 of ocean) and included a diverse range of environmental regimes; hence, analyses were carried out both at the level of the whole area and within four clearly defined subregions: (i) Southern Shelves; (ii) South Georgia Shelf; (iii) Sea Ice Zone, and (iv) Open Ocean (Table 2, Figure 3a ). This classification of subregions was based on the circumpolar regionalization of the Southern Ocean developed by Raymond (2011) , which used cluster analysis of data on SST, depth and sea ice cover to distinguish regions in waters south of 40 S. Eleven of the 20 cluster types identified by Raymond (2011) occur in the study area ( Figure 3b ). As there was little or no survey effort in many of the corresponding fine-scale regions, we combined Raymond's regions to produce a spatial subdivision of the study area appropriate to the scale of our analyses. Specifically, we merged cluster types in ice-covered areas according to depth to produce two aggregate types: shallow (<$1000 m; cluster types 1-7) and deep water (>$2000 m; cluster types 8-11). We then merged isolated regions of intermediate depth (original cluster types 12 and 14) with the neighbouring region of shallow or deep water. This process resulted in a subdivision of the survey area into five subregions; however, the extensive band of deep oceanic waters bounded by the Polar Front and the Subantarctic Front (cluster type 16, Figure 3 ) was under-sampled, and so no attempt was made to analyse relationships for the Figure 1 . Map of the study area. Climatological mean positions of the fronts of the Antarctic Circumpolar Current (ACC) are plotted (Orsi et al., 1995; Thorpe et al., 2002) . SAF, Subantarctic Front; PF, Polar Front; SACCF, southern ACC front; SBACC, southern boundary of the ACC. The mean sea ice extent, corresponding to 15% ice concentration, is shown for September 1999 and January 2000 (Cavalieri et al., 1996 , updated yearly). Table 1 .
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corresponding subregion of the survey area (4.9% of the survey data).
Data analysis
Generalized additive models (GAMs; Hastie and Tibshirani, 1990; Wood, 2006) were used to explore the relationships between krill density (q) and the candidate explanatory variables. The krill density data were highly right-skewed, which suggests that a family of Tweedie distributions and the negative binomial distribution may be appropriate. We considered Tweedie distributions for which 1 < c (the index parameter) < 2, also called Poissongamma distributions, which are suited to a response variable with Figure 3 . Division of the study area into subregions: (a) the four subregions used in the regional analysis and the small subregion excluded because of undersampling, and (b) spatial distribution of cluster types from the Raymond (2011) pelagic regionalization. See Table 2 for the mapping of cluster types to subregions. The thick black line delineates the study area.
positive, continuous values and observations of zero. Diagnostic plots of residuals were used to assess which of the competing response distributions provided the best fits to the data. The GAMs were restricted to smooth functions ('smoothers') of single covariates and used a log link function. The GAMs were fitted in R (R Development Core Team, 2010) using the mgcv library (Wood, 2006) . Isotropic thin plate regression splines (s) were selected and the optimal degree of smoothing for each term was chosen automatically using the generalized cross-validation method, with the gamma multiplier set to 1.4 to avoid over-fitting (Kim and Gu, 2004) . Where the resulting smoothers appeared to over-fit the data, particularly in areas with few data, the degree of smoothing was modified manually (Zuur et al., 2009) .
A forward model selection procedure was adopted to identify the optimal model for each subregion and the whole study area. Automatic model selection procedures were discounted for a number of reasons, including the high degree of collinearity in some pairs of explanatory variables (Zuur et al., 2009 ) and the small sample size for the South Georgia Shelf subregion. In the first round of model selection, each GAM included a single explanatory variable. The models with the explanatory variables significant at P < 0.05 were compared and the one with the lowest Akaike Information Criteria (AIC) was selected as the best model. Next, GAMs with two explanatory variables, comprising the variable selected in the first round and each of the remaining uncorrelated variables (jrj < 0.5; Booth et al., 1994) were fitted. Competing models, i.e. those with both explanatory variables significant at P < 0.05, lower AIC than the best model from the previous round and that produced a reasonable (> 3%) increase in explained deviance, were retained and the one with the lowest AIC was considered to be the best. An F-test (Wood, 2006 ) was used to determine whether the inclusion of an interaction term between selected nominal and continuous explanatory variables further improved the model fit. This process was repeated in subsequent rounds, each with one additional explanatory variable, until no new competing models were generated.
Potential heterogeneity and other problems with the resulting model specifications were assessed using the standard GAM diagnostic plots. The auto correlation functions (ACFs) of the model residuals were also plotted to investigate whether any spatial autocorrelation remained beyond that accounted for by the explanatory variables. The ACF plots for the models fitted to the 10 nm data for the whole study area and the Open Ocean subregion showed clear residual correlation and the corresponding GAM diagnostic plots suggested that the distributional assumptions of the model were inappropriate. These issues are typical of statistical analyses of marine at-sea survey data that, as a consequence of the highly patchy spatial distribution of marine organisms, are characteristically spatially correlated and have an excess of zero or low values (Ciannelli et al., 2008) . To minimize the effects of spatial heterogeneity in the krill data, we repeated analyses for the whole study area and Open Ocean subregion with 1 nm data aggregated at increasingly coarse resolutions (each a multiple of 10 nm) until no remaining autocorrelation was apparent in the ACF plot of the model residuals (Dungan et al., 2002; Ciannelli et al., 2008 ). An offset, defined as natural log(number of 1 nm density values/bin size), was included in the model definition to account for differences in the number of 1 nm density values used to calculate the mean krill density for each bin. Maps of fitted krill density were compared with the observed densities at each location and used to assess model performance. Very high densities were recorded along two transects at the shelf break to the north of the South Orkney Islands; however, repeating these analyses with the resulting bins capped at the next highest estimate of krill density had no effect on the results.
Results
Overall krill density distribution
The density distribution of krill across the study area was highly heterogeneous (Figure 4) . Areas of high density occurred around the South Shetland Islands, particularly in shelf and shelf-slope waters to the north; on the shelf region south of the South Orkney Islands and in the deep canyons to the north; from about 30 to 40 W in the central Scotia Sea, and; north-west of South Georgia as far as Shag Rocks. Densities were relatively low in the west of the Scotia Sea and in the Drake Passage north-west of the Antarctic Peninsula area.
The distribution of the krill density estimates at the 10 nm bin size was strongly skewed, with 75% of values < 25 g m
À2
, and 10 high (> 500 g m
) and two very high values (>2500 g m
). There were clear differences in the distribution of krill across subregions; mean density was highest in the Southern Shelves and lowest in the South Georgia Shelf and Open Ocean (Table 3) .
Model fitting and validation
GAMs fitted to data binned at 10 nm intervals, using a Tweedie error distribution with c ¼ 1.8, provided a good fit for three of the four subregions (Southern Shelves, South Georgia Shelf, and Sea Ice Zone). At the 10 nm scale, the GAM diagnostics and ACF plots indicated a poor fit and correlation in residuals for the models for the large Open Ocean subregion and the whole study area. For these areas, valid models were obtained for data binned at 40 and 80 nm, respectively, using the same Tweedie error distribution. Aggregating the data reduced both the skew and kurtosis (Table 3) . In both cases, the coarse-scale models (> 10 nm) included the same set of variables as the best (but ultimately rejected) fine-scale model (10 nm). The highest values for krill density fitted by each model ranged from 89 to 564 g m
À2
. However, a small proportion (2-9%) of observed values was higher than the model-predicted maxima. Not only did the models underestimate these rare, very high krill densities, they also tended to overestimate lower densities.
Model for whole study area The final model for the whole study area included a linear term for break distance and smoothers for velocity and chl (Table 4 , Figure 5a ). The distance term alone accounted for over half (26.5%) of the explained deviance of the final model (42%). Krill density declined with increasing distance from the shelf break; densities were highest on the shelf and low $100 km beyond the shelf break. Krill density was higher within the velocity range 0.05-0.15 m s
À1
, with a peak at $0.09 m s
, and decreased with increasing velocity at values > 0.15 m s
. Finally, krill density was lower in areas with very low chlorophyll a values (< 0.32 mg m À3 ).
The model for the whole study area predicted relatively high densities more or less throughout the shelf and shelf slopes of the
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South Scotia Ridge, from the western Antarctic Peninsula to 30 W, and around South Georgia, in particular to the north and west (Figure 6 ). Although high krill densities were observed over parts of this area, the model did not capture the wider heterogeneity. This included the observed lower densities in shelf waters to the west of 63 W at the Antarctic Peninsula, and along the South Scotia Ridge east of the South Orkney Islands. Fitted krill densities were generally higher east than west of 40 W in the central Scotia Sea, but the observed high densities that were patchily distributed between 30 and 40 W were not well captured; here the model did not estimate any krill densities > 50 g m À2 although such densities occurred in 5% of the 80 nm bins. The increase in the deviance explained (DE) by the model with the addition of each term is shown in parentheses. Chl is chlorophyll a concentration and SLA is sea level anomaly.
Regional models
The explanatory variables most commonly retained in the regional models were break distance, chl, velocity and SLA (Table 4 , Figure 5b -e). Depth, SST, zone and ship were not retained in any of the selected models (Table 5 ). The deviance explained (DE) ranged from 15.6 to 43.9%, and was highest in the two shelf subregions (Southern Shelves and the South Georgia Shelf). Figure 5b ). SST was also a close contender during the first and second model selection rounds. The smoother for chl indicates that krill density is very low in areas with relatively low chlorophyll a concentration (< 0.30 mg m
Southern Shelves
À3
), and higher where chlorophyll a concentration is > 0.30 mg m
. In addition, krill density declined at chlorophyll a concentrations above $1.40 mg m À3 (0.34 on the log-transformed scale in Figure  5b ), although the confidence bands are wide reflecting the sparseness of data in this range. SLA, which was closely correlated with longitude (r ¼ 0.66), explains the broad differences in krill density in the eastern part of the subregion; high krill densities were observed around the South Orkneys Islands and very low krill density further east. Finally, the smoother for break distance increased the overall explained deviance by 4.5% and indicates that krill density increases from the shore to the shelf break in this subregion. This model also failed to predict the relatively low densities observed on the south-west Antarctic Peninsula to the west of 63 W.
South Georgia Shelf
q ¼ s Break distance; 1:0 ð Þ þ s SLA; 1:0 ð Þ Break distance accounted for over 75% of the explained deviance in the model for the South Georgia Shelf subregion (Table 4 , Figure 5c ). This variable, which has a restricted range in this subregion, was fitted as a negative linear term and indicates that krill Environmental correlates of Antarctic krill distribution density increases towards the coastline of South Georgia. A negative linear term for SLA was retained in the second (final) round of model selection. It is important to note that, with the exception of velocity, all continuous explanatory variables are correlated with longitude in this relatively small subregion (jrj > 0.7 for SLA and SST, and jrj > 0.5 for depth, break distance and chl); hence the derived relationships with break distance and SLA may simply reflect the higher krill densities observed to the east of 38 W during the survey (Figure 4 ). Figure 5d ), each of which produced a similar increase in explained deviance. However, the overall explained deviance for this model is very low (15.6%), suggesting that some key variables are missing or that krill density is less predictable.
Sea Ice Zone
Open Ocean
q ¼ s Break distance; 2:5 ð Þ þ s Chl; 4:0 ð Þþs Velocity; 1:0 ð Þ
In the Open Ocean subregion, krill density decreased with increasing distance from the shelf to $100 km, was relatively constant from $100 to $270 km, and declined thereafter (Table 4 , Figure 5e ). Chl was retained in the second round of model selection and the shape of the smoother for this variable was similar to that for the Southern Shelves model (Figure 5b ), with very low krill density at chlorophyll a concentrations < 0.13 mg m
À3
. Finally, krill density decreases with increasing surface geostrophic velocity in this region. As was the case for the whole study area, the model did not estimate a krill density > 50 g m À2 at any 40 nm location in the central Scotia Sea between 30 and 40 W despite the high values observed during the survey.
Discussion
This study used GAMs to identify relationships between the distribution of Antarctic krill in the Scotia Sea and southern Drake Passage and a suite of environmental variables. The model results provide insights into physical and biological influences on the distribution of krill in an area that is important for both dependent predators and the commercial fishery. The combinations of variables that best explained krill distribution were scaledependent, depending upon whether the analysis was of the entire study area, or different subregions defined a priori on the basis of oceanographic characteristics.
The models developed for the South Georgia Shelf, Southern Shelves, and Sea Ice Zone subregions were based on data resolved to a spatial scale of 10 nm whereas those for the Open Ocean subregion and the whole study area required data aggregated at 40 and 80 nm, respectively. These scales of analysis improved model fit and minimized autocorrelation in the residuals. Autocorrelation can indicate that an important covariate is The selection order (1, 2, or 3) and significance level ('***' P < 0.001, '**' P < 0.01 and '*' P < 0.05) for the explanatory variables included in the final model are shown in bold font. A blank cell indicates that the variable was available during model selection but not retained in the final model. Other cell values indicate the following: (c1, c2, or c3)-the variable is correlated with an explanatory variable selected in a previous round (1, 2, or 3 respectively) and was subsequently excluded from model selection, and (na)-the nominal variable was excluded from model selection due to insufficient sample size per level. Chl, chlorophyll a concentration; SLA, sea level anomaly; and SST, sea surface temperature.
missing, but in our analyses it more likely indicates overdispersion in the 10 nm data due to the patchy spatial distribution of krill (Murphy et al., 1988; Zuur et al., 2009) . To account for multi-colinearity during model selection, we excluded environmental variables that were highly correlated with an alreadyselected variable. This explains why SST, for example, was not selected for inclusion in any model as it was correlated with either surface geostrophic velocity or SLA. With the exception of the Sea Ice Zone subregion, the models explained a substantial proportion of the observed deviance in krill density at both the subregion and whole study area scales (32.7-43.9% DE). Krill distribution within each model was related to at least two environmental variables.
Relationship to shelf break
Krill density was related to bathymetry (distance to the shelf break) in every model. At the scale of the whole study area, higher krill densities were found on the shelf. This is consistent with previous studies in this region indicating that krill occur in predictable high densities over shelves and shelf breaks (Murphy et al., 1997; Trathan et al., 1998a; Atkinson et al., 2008) . Recent studies indicate that submarine canyons are important for the advection of krill and other zooplankton into shelf waters, including at the Antarctic Peninsula where they are consequently more accessible to land-based predators (Dinniman and Klinck, 2004; Ward et al., 2004; Pinones et al., 2011) . Continental shelves and slopes are considered key habitats for post-larval krill, and are associated with greater food abundance and predictability, and extensive sea ice coverage at higher latitudes (Nicol, 2006; Atkinson et al., 2008) . This is reflected in the distribution of krill fishing effort, which is concentrated in shelf areas (Kawaguchi and Nicol, 2007; Grant et al., 2013) . The two shelf subregion models showed opposing relationships between krill density and position on the shelf. At South Georgia, krill density was greatest near the coast and decreased towards the shelf edge, possibly due to local circulation patterns. Results from a high-resolution ocean model of the South Georgia shelf suggest that in addition to flux across the northern shelf of the island, originating from both the southern shelf and offshore, there are several areas of retention on the northern shelf (Young et al., 2014) , which may increase krill density closer to shore. In contrast, on the shelves of the Antarctic Peninsula and South Orkney Islands, krill density increased from the inner to outer shelf. Here, bathymetry explained < 5% of the observed deviance in krill density distribution. However, the relationship described by the model is consistent with observations of the population structure of krill over the Antarctic Peninsula shelf in summer; high numbers of small krill are found inshore, and low numbers of larger krill offshore (Siegel et al., 2013) .
Ocean circulation
Surface geostrophic velocity, SLA and water mass zone were included as candidate environmental variables in order to capture aspects of ocean dynamics that may be related to krill distribution. At the scale of our study area, water mass zone, and surface velocity were closely related, with faster currents in the north, associated with the more intense activity of the ACC, and slower currents to the south of the ACC over the South Scotia Ridge and into the Weddell Sea. Most areas of high krill density in the open ocean were south of the southern ACC front in the southern and subpolar zones (cf. Figures 2a and 4 ). In the model for the whole study area, krill density showed a broadly quadratic relationship with surface geostrophic velocity. The highest densities were found in locations with weak to mid-range geostrophic velocity values (< 0.15 m s
À1
). This is broadly in agreement, given our larger spatial scale, with results from a recent study in the Scotia Sea, in which over 75% of krill swarms were located in current velocities < 0.3 m s
, with peak distribution in velocities of 0.1-0.2 m s À1 (Tarling and Thorpe, 2014) . At the subregion scale, SLA was selected in the second round of model selection for the Southern Shelves subregion, and included as the final term in models for the South Georgia Shelf and the Sea Ice Zone subregions. In the Southern Shelves subregion, SLA accounted for 17.9% of the observed deviation in krill density with a broadly quadratic relationship. However, SLA was closely correlated with both longitude and SST in this region and may not be the underlying factor. In the South Georgia subregion, there was a negative linear relationship between krill density and SLA but, again, SLA was correlated with longitude and SST. Moreover, although there have been improvements in the processing of altimetry data over continental shelves, the data quality in shallow waters is still dependent on the ability of, e.g., tidal models to predict local tides (Volkov et al., 2007) . As such, it is likely that the on-shelf processes that were important in determining the krill density distribution in these subregions during the synoptic survey were insufficiently resolved in the altimetric datasets.
Chlorophyll a distribution
The models showed curvilinear relationships between krill density and chlorophyll a concentration. At the scale of the whole study area, this reflects the large spatial variation in primary production ( Figures 2e and 5a) ; there were very low krill densities associated with very low chlorophyll a offshore at the western Antarctic Peninsula and generally higher values in the main belt of enhanced chlorophyll a in offshore areas in the Scotia Sea, east of the Shackleton Fracture Zone. Chlorophyll a concentration was selected as an explanatory variable in models for two subregions: the Southern Shelves and the Open Ocean. These results suggest that krill density increases with food availability but rapidly reaches a plateau well below peak chlorophyll a concentrations. Krill densities tended to be higher at chlorophyll a concentrations of 0.3-1.4 mg m À3 in the Southern Shelves region and > 0.13 mg m À3 in the Open Ocean. Atkinson et al. (2008) reported a similar relationship, with krill occupying regions of moderate chlorophyll a concentrations (0.5-1.0 mg m À3 ), which they suggested was a trade-off between food availability and growth potential, and predation risk. Other studies find that krill distribution is difficult to predict from chlorophyll a levels Siegel et al., 2013) . Although chlorophyll a can be a useful general proxy for food availability, the type of phytoplankton is also important as krill feed preferentially on diatoms (Haberman et al., 2003) . Furthermore, krill are omnivores and can feed on a variety of other food items (Price et al., 1988; Schmidt et al., 2014) . Subsurface chlorophyll maxima (Holm-Hansen et al., 2005) are not detected using satellites yet are likely to be important feeding locations for krill. Studies suggest that feeding by aggregations of krill can lead to localized chlorophyll depletion (Graneli et al., 1993; Pakhomov et al., 1997; Whitehouse et al., 2009) , which would obscure the relationship between the two variables.
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Seasonality of phytoplankton blooms, particularly the earlier onset in the northern compared with the southern Scotia Sea, means the degree of progression of blooms differs across the area of the synoptic survey (Park et al., 2010) . It is likely that the differences between the models for each subregion reflect these processes to varying degrees.
Methodological considerations
The CCAMLR synoptic survey sampled some areas of open ocean in the eastern Scotia Sea where krill densities were high (> 50 g m À2 at 80 nm resolution; Figure 6 ). However, the models underestimated krill density, indicating that these aggregations are not predictable based on the combination of environmental variables available. Nevertheless, our results are in agreement with other studies that suggest that krill aggregations in the open ocean are frequently associated with particular conditions, including moderate food availability and moderate current velocity (Atkinson et al., 2008; Tarling et al., 2009) .
In our regionalization, the Sea Ice Zone encompassed the offshelf areas north of, and over, the South Scotia Ridge that are strongly affected by seasonal sea ice dynamics. This was the only subregion for which the model was able to explain only a small part of the observed deviance in krill density. We hypothesize that this reflects the strong influence of seasonal sea ice, which is an important over-wintering habitat for krill. At the time of the CCAMLR synoptic survey, the sea ice edge was south of the South Scotia Ridge, and the Scotia Sea was ice-free ( Figure 1) . Krill that over-wintered under the sea ice will have potentially remained in areas of open-ocean as the ice retreated. To be able to predict their distribution would require a dynamic representation of the sea ice field and of spring phytoplankton blooms that establish following its retreat, which are an important food source for krill and will affect their distribution in subsequent months Ross et al., 2014; Schmidt et al., 2014) .
Although the CCAMLR synoptic survey was unusual in its large spatial extent, it was carried out in a single year, when krill density around South Georgia was relatively low [mid-season 2000 had the lowest mean krill density recorded between 1997 and 2013 (3 g m À2 ); Fielding et al., 2014] . Repeated large scale surveys in future years would provide a greater understanding of underlying environmental drivers of krill distribution.
Implications for the krill fishery
The effectiveness of management measures for forage species depend upon detailed knowledge of their density and distribution, and how this changes over time. Species distributions are influenced by a complex range of environmental factors, both physical (e.g. oceanography, climate) and biological (e.g. predation). Here, we focused principally upon remotely-sensed environmental correlates, which together explained a substantial amount of spatial variability in the distribution of krill; however, considerable uncertainty remains. Current management of the krill fishery is based upon estimates of overall biomass and, at smaller scales, overlap and competition with dependent predators including whales, seals, penguins and other seabirds . The current operational catch limit for Antarctic krill in the Scotia Sea and southern Drake Passage (620 kt, known within CCAMLR as the 'trigger level') is a fraction (11%) of the larger potential catch limit (5.61 mt, known as the 'precautionary catch limit'). This precautionary limit will only be permitted if a spatially structured management approach is developed that successfully limits any resource competition or other impacts on krill-dependent predators; with present fishing patterns, impacts would be highly likely should the full precautionary catch limit be reached, as harvesting would be focused on shelf and shelf-break areas which are important for numerous predators (Murphy et al., 1997; Trathan et al., 1998a) .
Increases in catches up to the precautionary catch limit would require a greater proportion of the fishing effort to occur in open ocean areas (Plaganyi and Butterworth, 2012; Watters et al., 2013) . In other oceans, many open ocean fisheries targeting pelagic species rely on spotter planes or fish aggregation devices, or vessels target fish aggregations at ocean fronts (Waluda et al., 2001) , or at bathymetric features such as seamounts (Morato et al., 2010) . However, in the Antarctic, knowledge about krill distribution in the open ocean is insufficient to facilitate profitable harvesting. Our results confirm that it is challenging to predict the locations of harvestable stocks in such areas.
A key reason why the fishery operates on, and particularly to the north of, the island shelves and shelf breaks is because exploitable concentrations of Antarctic krill occur predictably in these regions (Kawaguchi and Nicol, 2007; Hill et al., 2009) . In addition, island-wake effects may make these areas inherently more productive; they are also more sheltered from prevailing winds and therefore safer areas of operation for vessels, and often free from drift ice that may accumulate on the southern coasts. Consequently, these are areas where competition between the fishery and natural predators is likely to be high.
If krill aggregations are not predictable in the open ocean, then management methods need to consider the wider krill stock in a different way. Inevitably krill move from shelf areas to the open ocean, and vice versa, either through behavioural or advective processes (Hofmann and Murphy, 2004; Siegel, 2005) . However, the rate of movement is key to estimating the stock available to natural predators and to the fishery. If movement is rapid, then the component of the stock in the open ocean can justifiably be considered as part of the stock available to predators and the fishery. Conversely, if movement is slow, and the component over the shelf is essentially isolated, krill in the open ocean should effectively be ignored in any assessment of the harvestable stock. Consequently it might be appropriate to replace the precautionary catch limit with a lower limit that recognizes that the fishery will continue to operate predominantly in shelf areas.
Our models formalize hypotheses about the statistical relationships between a number of environmental variables and krill biomass distribution. Although bathymetry plays a dominant role, other variables are dynamic and will almost certainly vary as a consequence of climate change (Whitehouse et al., 1996; Meredith and King, 2005; Turner et al., 2009) . The implications for krill stocks, predators and the fishery are hard to predict, and identifying appropriate process models that describe how krill will respond to combinations of fixed and variable environmental characteristics is a major challenge. However, this would facilitate assessments of how krill, predators and fisheries might respond under future change scenarios. discussions, and the anonymous referees and editor for helping to improve the article. We obtained GEBCO 1 minute grid depth data from http://www.gebco.net/data_and_products/gridded_ bathymetry_data/. The Chlorophyll a data product are Seaviewing Wide Field-of-view Sensor (SeaWiFS) Ocean Color Data, Level 3 2009 Reprocessing. NASA OB.DAAC, Greenbelt, MD,
